Introduction
The zinc(II)-mediated reaction between amidoximes and nitriles 1 is among the most facile and expedient routes for the synthesis of 1,2,4-oxadiazoles -a class of heterocycles that exhibit a wide range of biomedical 2 (e.g., antibacterial, 3 antibiotic, 4 antimalarial, 5 anticancer, 6 anticonvulsant, 7 immunomodulating 8 and antihistaminic 9 ) properties. These ring systems also act as active antihypertensive agents, 10 selective inhibitors of 11b-hydroxysteroid dehydrogenase, 11 dopamine D3 receptor ligands, 12 glycogen phosphorylase inhibitors, 13 and elective agonists of free fatty acid receptor, 14 and serve as useful precursors for materials science for mastering liquid crystals, 15 nanoporous networks, 16 and insensitive energetic materials. 17 Recent synthetic works 1a,18 helped to obtain some data partially explaining the mechanism of heterocyclization. In particular, intermediates A and B (Scheme 1) in the reaction between R 2 NCN and R 0 (NH 2 )CQNOH in the presence of zinc (II) in undried EtOAc were trapped and identified. These data allowed the assumption that the overall reaction starts from the Zn II -mediated amidoxime-nitrile coupling. However, blackboxed intermediate zinc(II) complexes featuring coordinated amidoximes and/or nitriles were neither isolated/characterized nor identified in situ by physicochemical methods. Being interested in understanding the detailed mechanism of Zn II -mediated generation of 1,2,4-oxadiazoles from amidoximes and nitriles 1a,18 and in further development of coordination chemistry of amidoximes ("aminonitrones) (for our review on this subject see ref. 19 ), we synthesized novel zinc(II) species featuring amidoximes and studied their reactivity toward Me 2 NCN as a representative of cyanamides. The main idea of this work was to obtain experimental data fully explaining the mechanism of zinc(II)-mediated generation of 1,2,4-oxadiazoles from amidoximes and nitriles to provide a solid background for rational choice of reactants and reaction conditions.
The scenario of this study was as follows. Firstly, we synthesized zinc(II) amidoxime species and determined ligand coordination patterns (amidoxime and aminonitrone forms) and verified the structures of these complexes both experimentally and theoretically. Secondly, we studied the reactivity of the (amidoxime)Zn II and (aminonitrone)Zn II complexes toward Me 2 NCN as a model cyanamide substrate. Based on all these data we, thirdly, described the mechanism of zinc(II)-mediated generation of 1,2,4-oxadiazoles from amidoximes and nitriles. All the obtained data along with the corresponding discussions are consistently disclosed in sections that follow.
Results and discussion
Generation of zinc(II) amidoxime and aminonitrone complexes Analytical and spectroscopy data
, and salts [5a-d](OTf) gave satisfactory C, H, and N elemental analysis results for the proposed formulas, and these species were also characterized by high-resolution ESI-MS, FTIR, , which is specific to amidoximes. 19 The spectra of 2a-d and [3a-d](OTf) 4 also display three strong to very strong bands in the region 1608-1340 cm À1 from the n(CQO) of the ligated acetate group.
A characteristic feature of the 1 H NMR spectra of 2a-d and Amidoximes and their deprotonated forms possess three nucleophilic centers, viz. two N-and one O atoms, therefore several types of coordination modes for these ligands can be realized. In our recent review, 19 we analyzed the existing data on amidoxime coordination, verified nine patterns, and led to the conclusion that N-binding (as in 2a-d) is the conventional coordination pattern. The binding in the aminonitrone form, viz.
If the former type (A) of coordination was documented for U VI , 25 Pu IV , 26 Ge IV , 19 Sn IV , 19 and Fe III 19, 27 species, the latter type 4 -is substantially less abundant and it was previously observed only for a molybdenum(VI) center. 19, 28 The difference in bonding pattern can be rationalized by the application of Pearson's HSAB principle 29 and charge considerations. Accordingly, the aminonitrone form coordinates to the harder and highly charged {Zn 3 (OAc) 2 } 4+ moiety via a ''hard'' and negatively charged oxygen center, whereas neutral amidoximes tend to ligate to the neutral Zn(OAc) 2 species, as in 2a-d, via a relatively ''soft'' nitrogen center. An additional stabilization of 2a-d by resonance-assisted hydrogen bonding (see below) should be taken into account.
(ii) The structures of monomeric 2a-c involving resonanceassisted hydrogen bonding. In the molecular structures of 2a-c, the coordination polyhedra exhibit a distorted tetrahedral geometry (Fig. 3) . All bond angles around the zinc(II) centers range from 93.58 (5) Zinc(II) complexes with terminal N-coordinated amidoximes, are known, 19 while the previously reported complexes comprise bidentately coordinated ligands in which at least one coordinating group is an N-coordinated amidoxime moiety (Fig. 4, C) . 1a,19,30b,c,31,33 Our complexes 2a-d are the first examples of Zn II -complexes bearing monodentately N-coordinated amidoxime, but one should take into account that this binding mode is rather specific as it is supported by RAHB (Fig. 4, D) . Thermal ellipsoids are given at the 50% probability level. The topological analysis of the electron density distribution within the formalism of Bader's theory (QTAIM method) 34 for 2a-c (this approach has already been successfully used by us in studies of the non-covalent interactions and properties of coordination bonds in various transition metal complexes 22, 35 ) demonstrates the presence of appropriate bond critical points (BCPs) (3, À1) for intramolecular RAHB O-HÁ Á ÁO in 2a-c (Fig. 5) . The low magnitude of the electron density, positive values of the Laplacian, and zero or close to zero positive energy density in these BCPs are typical for hydrogen bonding (Table S3 , ESI †). The balance between the Lagrangian kinetic energy G(r) and potential energy density V(r) at these BCPs (ÀG(r)/V(r) Z 1) reveals the purely non-covalent nature of these interactions. The strength of O-HÁ Á ÁO contacts (7.3-11.9 kcal mol ). 36 The negligible values of the Wiberg bond indices for these contacts (0.01-0.04) computed by using the natural bond orbital (NBO) partitioning scheme additionally confirm the electrostatic nature of these non-covalent interactions. The electron-density delocalization in RAHB-involved 7-membered quasi-heterocyclic fragments in 2a-c has been estimated by the analysis of Wiberg bond indices (WI) for appropriate contacts (Table S4, bonds, which is specific for O-imidoylamidoximes. 1a The carbamidoxime groups of both complexes are in the Z-configuration. In the crystal structures of (Fig. 8) . The properties of electron density in BCPs for Zn-N contacts are typical for ordinary coordination bonds (the r(r) and r the ÀG(r)/V(r) { 1; Wiberg bond indices for these contacts are noticeable), whereas Zn-O contacts can be classified as noncovalent close shell interactions with some contribution of the covalent component (for more detailed information see the ESI †).
(iv) Tautomerization (k3) followed by the intramolecular nucleophilic attack of the imine N atom on the electrophilically activated C atom leads to 3-amino-1,2,4-oxadiazoline (l3). The latter compound is subject to aromatization accompanied by the elimination of NH 4 + giving 1,2,4-oxadiazoles (m3). All accumulated reactivity data, combined with those from our previous study 18 on metal-free heterocyclization of amidinium salts [5] + , allowed the formulation of the detailed mechanism of the zinc(II)-mediated generation of 1,2,4-oxadiazoles from amidoximes and nitriles and the explanation of the effect of undried ethyl acetate on facilitation of the heterocyclization (Scheme 3). It is now clear that the overall reaction consists of four main steps namely the acetate-promoted formation of the trinuclear complexes, amidoxime-nitrile coupling, acid driven decoordination, and, eventually, the heterocyclization. All these data allowed the rational choice of the reactants and further tuning of the reaction conditions. It is noteworthy that although for a while we are satisfied with improving the synthesis of 1,2,4-oxadiazoles with stoichiometric amounts of zinc(II), our distant goal is to find out a catalytic system for the preparation of 1,2,4-oxadiazoles and we are currently testing appropriate catalytic systems. One more issue requires additional attention. Zinc(II) centers belong to the category of kinetically labile metal centers when ambidentate or, in general, ligands with multiple donor centers are subject to facile linkage isomerization giving various coordination pattern species. In this respect, the different reactivity of 2a-d zinc(II) center followed by intramolecular coupling with aminonitrones leading to novel organic species. All works in these two directions are underway in our group.
Concluding remarks
and [3a-d](OTf) 4 toward the coupling with Me 2 NCN is surprising. The observed high reactivity of the trinuclear complexes can be further explored
Experimental section

Materials and instrumentation
Solvents were obtained from commercial sources and used as received. All of the syntheses were conducted in an air atmosphere. Amidoximes 1a-d were synthesized according to the literature methods. 1a Melting points were measured on a Stuart SMP30 apparatus in capillaries and were not corrected. Microanalyses (C, H, N) were carried out on a Euro EA3028-HT instrument. Electrospray ionization mass-spectra were obtained on a Bruker micrOTOF spectrometer equipped with an electrospray ionization (ESI) source. The instrument was operated both in negative and positive ion modes in the m/z range 50-3000. The nebulizer gas flow was 0.4 bar and the drying gas flow was 4.0 L min
À1
. For HRESI, complexes were dissolved in MeOH. In the isotopic pattern, the most intensive peak is reported. Infrared spectra (4000-400 cm
) were recorded on a Shimadzu IR Prestige-21 instrument in KBr pellets. H} NMR spectra were measured on Bruker Avance III WB 400 with the magic angle spinning at 6 kHz frequency.
X-ray structure determination
The single-crystal X-ray diffraction experiment was carried out using Agilent Technologies ''Xcalibur'' and ''Supernova'' diffractometers with monochromated MoKa or CuKa radiation, respectively. The crystal was fixed on a micro mount, placed on the diffractometer and measured at a temperature of 100 K. The unit cell parameters and other summarized data are represented in Tables 1S and 2S ( View Article Online incorporated in the OLEX2 program package. 43 The hydrogen atoms were placed in calculated positions and were included in the refinement in the 'riding' model approximation. Empirical absorption correction was applied in the CrysAlisPro 44 program complex using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm. CCDC 1503999-1504006.
Computational details
The single point calculations based on the experimental X-ray geometries (quasi-solid-state approach) have been carried out at the DFT level of theory using the M06-2X functional 34 (this functional was specifically developed to describe weak dispersion forces and non-covalent interactions) with the help of Gaussian-09 45 program package. The standard 6-311+G (d,p) basis sets have been used for all atoms. The topological analysis of the electron density distribution with the help of the atomsin-molecules (QTAIM) method developed by Bader 34 has been performed by using the Multiwfn program (version 3.3.7). 46 The
Wiberg bond indices (WI) were computed by using the natural bond orbital (NBO) partitioning scheme. 47 The Cartesian atomic coordinates of model structures are presented in ESI, † Table S5 .
Syntheses and characterization
Preparation of 2a-d. Powders of 1a-d (1 mmol) were added to a solution of Zn(OAc) 2 Á2H 2 O (109.8 mg; 0.5 mmol) in acetone (6 mL) placed in a 10 mL round-bottomed flask. The solution was stirred for 5 min at 50 1C, and then evaporated in vacuo at 50 1C. An oily residue was crystallized under chloroform (1.5 mL) with ultrasound treatment. The resulting precipitate was filtered off, and dried in air at 50 1C. 2 (363.52 mg; 1 mmol) in acetone (6 mL) placed in a 10 mL round-bottomed flask. The solution was stirred for 5 min at 50 1C, whereupon the solvent was evaporated in vacuo at 50 1C. Route c2. Powders of 1a-d (2 mmol) were added to a stirred solution of Zn(OTf) 2 (545.3 mg; 1.5 mmol) in ethyl acetate (10 mL) placed in a 25 mL roundbottomed flask. The solution was stirred for 30 min on reflux, and then the solvent was evaporated in vacuo at 50 1C. For both routes, the oily residue that was formed was crystallized under chloroform (1.5 mL) with ultrasound treatment. The resulting precipitate was filtered off, and dried at 50 1C (route b2) or at 70 1C (route c) in air. The yields are given for route c. For route b2, the yields are 80-90% based on the corresponding 2a-d.
[3a](OTf) 4 48 (s, br, 2H, NH 2 ), 7.83 (m, br, 2H, o-CH View Article Online
